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Coupling losses were studied in composite tapes containing superconducting material in the form 
of two separate stacks of densely packed filaments embedded in a metallic matrix of Ag or Ag alloy. 
This kind of sample geometry is quite favorable for studying the coupling currents and in particular 
the role of superconducting bridges between filaments. By using a.c. susceptibility technique, the 
electromagnetic losses as function of a.c. magnetic field amplitude and frequency were measured at 
the temperature T — 77 K for two tapes with different matrix composition. The length of samples 
was varied by subsequent cutting in order to investigate its influence on the dynamics of magnetic 
flux penetration. The geometrical factor xo which takes into account the demagnetizing effects 
was established from a.c. susceptibility data at low amplitudes. Losses vs frequency dependencies 
have been found to agree nicely with the theoretical model developed for round multifilamentary 
wires. Applying this model, the effective resistivity of the matrix was determined for each tape, 
by using only measured quantities. For the tape with pure silver matrix its value was found to be 
larger than what predicted by the theory for given metal resistivity and filamentary architecture. 
On the contrary, in the sample with a Ag/Mg alloy matrix, an effective resistivity much lower than 
expected was determined. We explain these discrepancies by taking into account the properties of 
the electrical contact of the interface between the superconducting filaments and the normal matrix. 
In the case of soft matrix of pure Ag, this is of poor quality, while the properties of alloy matrix 
seem to provoke an extensive creation of intergrowths which can be actually observed in this kind 
of samples. 

PACS numbers: 74.81. Bd; 74.25. Ha; 84.71. Mn 
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I. INTRODUCTION 

BSCCO/Ag tapes usually contain many superconduct- 
ing filaments embedded in a silver or silver alloy ma- 
trix. For achieving thermal stability and quench protec- 
tion, the metallic matrix with high thermal conductivity 
should have a good interface with the superconducting 
material. When the tape is immersed in alternating (a.c.) 
magnetic field, an energy loss is observed that is caused 
by various mechanisms 1,2 -. The irreversible magnetisa- 
tion is an intrinsic property of type II superconductors, 
and the energy loss related to it is usually called "hys- 
teretic loss". The a.c. magnetic field induces also an 
electrical field which drives currents in the loops formed 
by pairs of filaments and closed by crossing the metallic 
matrix. The ohmic loss generated in the metallic part 
of the loop is accordingly called "coupling loss". Fi- 
nally, the currents, which flow in metallic matrix only, 
give rise to the so called "eddy currents loss". The lat- 
ter contribution can be often omitted at the power grid 
frequency. In general, it is desirable to take measures 
that reduce the different kinds of losses. To reduce the 
hysteretic losses, the dimensions of superconducting fila- 
ments have to be diminished. To cut down the coupling 
losses, it is essential to reduce the area of induced flux 



e.g. by twisting the filaments. Moreover, the matrix re- 
sistivity should rise, for example by manufacturing an 
artificial resistive barrier around the filaments. The ef- 
fective resistivity of the paths that the coupling currents 
follow generally differs from the bare matrix resistivity, 
because it depends on the tape geometry and on the par- 
ticular arrangement of the superconducting filaments. It 
is often used to characterize the coupling currents by the 
time constant r of magnetic flux penetration. As shown 
by Kwasnitza™, the coupling loss can be expressed as a 
function of lot (u> = 2ttu) at constant a.c. magnetic field 
amplitude (-Bo)- In other words, the coupling loss is well 
characterized by this time constant. For example, in an 
application working at frequency v the tape should be 
used that exhibits the time constant such that I'kvt <C 1 
to avoid the saturation of the filaments just by the in- 
duced coupling currents. Existing theories provide for- 
mulas for the time constant in a tape with known geom- 
etry and matrix resistivity. Unfortunately, in HTS tapes 
the experimental data on the time constant can be very 
different from the calculated value because of the irreg- 
ularities in the interface between the filaments and the 
matrix. Therefore it is necessary to understand how the 
coupling loss works in real BSCCO/Ag tapes. Moreover 
it is necessary to understand what is the metallic matrix 
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which has the best effective resistivity. 

Thorough investigations have been carried out on cou- 
pling loss in HTS t&pea^£&Z&2^. However, it is still not 
evident whether the coupling mechanism in BSCCO/Ag 
can be analyzed in the same manner as for low T c wires. 
In this paper, this kind of losses has been studied in tapes 
with a geometry resembling just two filaments separated 
by a metallic matrix. In reality, each "filament" con- 
sists in dense stack of extremely flat filaments. In this 
way a simple geometry has been achieved, allowing us 
to study the coupling currents without other spurious 
effects. We have measured the time constant and deter- 
mined the effective resistivity for two such bi-columnar 
tapes that differ significantly in the matrix composition 
and thus in its resistivity. The external magnetic field 
(B a ) was always perpendicular to the broad face of the 
sample. The geometrical factor \o (related to demagne- 
tizing factor )Aiii2i has been measured. In order to study 
the effect of the sample length on the losses, the measure- 
ments were repeated for the same tape, cut several times 
in always shorter pieces. In this way we could discuss 
the various aspects of coupling losses in this system and 
make a comparison with the most used models in this 
field. The importance of the intergrowths between the 
superconducting filaments on the coupling losses is also 
pointed out. 



II. THEORETICAL BACKGROUND 

The coupling loss per unit volume and per cycle(Q c ) 
depends mainly on lot and on the square of the a.c. field 
amplitude (Bo). Several authors give expressions of Q c 
for harmonic external fields, perpendicular to the broad 
face of the tape&ii&ii. In our analysis the Campbell 
model has been used— The model assumes that the 
superconductor is divided into many filaments and the 
magnetic field (B) inside the composite conductor, av- 
eraged on many filaments, is uniform. From this last 
requirement it follows that the coupling currents flow in 
the outer shell of the wire— Since these currents are pro- 
portional to the time derivative (B) of internal magnetic 
field B, we can write the relation 



loss density (Q c ) for a sinusoidal external field: 



B = B n 



tB 



(1) 



where B a is the applied magnetic field. The proportion- 
ality constant r is called time constant of the tape and 
the theory states that it is related to the sample geom- 
etry (the cross section as well as the length) and to the 
matrix resistivity, r is also the time decay of the coupling 
currents if the external magnetic field B a becomes instan- 
taneously constant. For this reason, in principle, the time 
constant could be measured by magnetic relaxation mea- 
surements. Nevertheless these measurements are influ- 
enced by the relaxation of the irreversible magnetisation 
of the superconducting filaments and by the overshoot of 
the magnetic field produced by the magnet^. By inte- 
grating the Eq. it is possible to calculate the coupling 
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where \o is the demagnetization factor in the actual sam- 
ple vs. field geometry. The expression in square brackets 
is independent of magnetic field amplitude. Moreover we 
can suppose that the frequency dependence predicted by 
eq. © is still valid also in presence of few filaments. 
In this case we can expect that the eq. (0 has to be 
corrected by a numerical factor: 



Q'c = iQc 



(3) 



On the other hand the a.c. losses are related to 
the imaginary part of the first harmonic of the a.c. 
susceptibility 2 '— and can be expressed as: 



Q = 7TX"XO-Bo//io 



(4) 



where x" is the imaginary part of the a.c. susceptibility. 
By supposing that the losses are dominated by coupling 
mechanism it holds: 
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(5) 



By measuring the loss as a function of frequency (v) at 
fixed -Bo, the time constant can be determined by finding 
the frequency (v m ) where the maximum occurs, corre- 
sponding to lot = 1. On the other hand, in the low 
frequency limit Q c depends linearly on r and therefore, 
r can be evaluated by measuring magnetisation loops for 
different sweep rates of a small external fielcU&. Never- 
theless the linear dependence has to be separated from 
the logarithmic dependence due to the flux creep in the 
filaments^, which has not been considered in the Camp- 
bell model. 

The equation (J2J) is no more valid when the filaments 
become saturated by currents, i.e. the current density 
is equal to the critical current density in the whole sec- 
tion of the filament. In fact for Bq values larger than 
the full penetration field of a single superconducting fila- 
ment (B p f), or as loBq becomes quite large, the currents 
saturate the outer filaments. Then the filaments behave 
as fully coupled and the coupling loss turns to be hys- 
teretic. Since the coupling currents propagate inside the 
specimen, the field inside the sample is no more uniform, 
which was the key assumption for the validity of the equa- 
tion J5J. On the other hand, for increasing Bo, the mag- 
netic moment of the sample rises. Nevertheless, it cannot 
exceed the magnetic moment of an equivalent supercon- 
ducting tape with a single core offering the identical cross 
section and the same J c of the multifilamentary tape. 
Therefore at high field, the losses of a multifilamentary 
tape can be found from the area of the hysteresis loop of 
the equivalent monocore tape. This upper limit of loss 
can be exactly evaluated by taking into account the sam- 
ple geometry. Nevertheless, for Bo ^> B ps (where B ps is 
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the magnetic field where the saturation in the magnetisa- 
tion occurs) one can neglect the actual shape of M(B a ) 
loop and the extremities of M(B a ) loops can be approxi- 
mate by upright straight lines. Thus, the saturation loss 
is written as: 



Q c = 4fx M s B 



(6) 



where M s is the saturation magnetisation. 

As far as the frequency dependence is concerned, for 
B 3> B ps , as the frequency increases, the losses saturate 
at a constant valued given by eq. © which is, in a first 
approximation, frequency independent. Also in this case, 
going more insight, Q c should be considered as frequency 
dependent due to the frequency dependence of M s which 
is not always negligible in high T c superconductors^. 



A. Expressions for time constant 

Theoretical expressions for r can be found by calculat- 
ing the electrical field E inside the tape and the power 
loss density p = E 2 / p m , where p m is the effective re- 
sistivity of the metallic matrix. At low frequencies this 
quantity can be compared to the expression given by the 
Campbell modeti£: 



P = Xot 



B 2 

2flQ 



(7) 



to extract r. In literature, expressions for r are 
reported 9 , for twisted and untwisted flat cable, for ex- 
ternal magnetic field either perpendicular or parallel to 
the broad face of the tape. In our case, the samples are 
untwisted BSCCO tapes and the expression for r is: 



7T 2 X0Pm 



(8) 



showing that the time constant depends on the square of 
the length, on the resistivity and on the tape geometry 
(represented by xo factor). 

If xo is 1 (the value for a slab geometry) the previous ex- 
pression is identical to the expression for r found solving 
the flux diffusion equation in a slab. 



B. Effective resistivity 

In the expression JS}, the effective resistivity depends 
also on the arrangement of the filaments in the tape. 
CarniS has shown that, in the continuum anisotropic 
model, the effective resistivity is defined in terms of the 
matrix resistivity p m and the superconducting volume 
fraction r/ e ff related to the filamentary zone alone. In 
BSCCO tape T) e ff is larger than the superconducting 
fraction rj due to a presence of an external metallic sheath 
that embeds the filaments. In the particular case of a 



round wire, and supposing that the electrical contact be- 
tween the metallic matrix and the superconducting fila- 
ments is good, the effective resistivity is lower than p m 
and it is given hyl&: 
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If the electrical contact is bad, giving a high resistive 
barrier around each filament, p e // increases in compar- 
ison with the resistivity of the matrix, according to the 
expression^: 
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In our sample, there was no artificially involved resis- 
tive barrier . We also assume that heat treatments com- 
monly increases the quality of the electrical contact be- 
tween filaments and matrix. Modification of the expres- 
sions © and ifTUjl. taking into account geometries more 
similar to our samples, have been calculated^, yelding 
for the geometry of our samples the ratio p e ff/p m as: 



Peff t u W u - t u Wf 

Pm t u W u - t u Wf + tfWf 



(11) 



where the meaning of t u , tf, w u , and w c is shown in 
Fig-ffl Introducing the effective superconducting fraction 
rjeff — (wftf)/(w u t u ), the last equation can be written 
as: 



Peff 



1 



Veff 



(12) 




FIG. 1: Schematic cross section of the tape, w and t are 
respectively the width and the thickness of the tape. w z and 
t z are the dimensions of the filamentary zone. w c and t c are 
respectively the width and the thickness of the two columns. 
tf is the filament thickness, whereas Wf is the filament width. 
w u is the column width plus the distance between the two 
columns, whereas t u is the filament thickness plus the distance 
between the neighbor filaments. Finally D c is the distance 
between the columns centers. 



C. Theoretical values of xo 

For a superconductor in Meissner state, the xo expres- 
sions for infinite strip and finite x-z array have been re- 
ported by Fabbricatore et alii*i£ . 
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If our samples are considered like a single strip with 
rectangular cross section, xo is given by: 



Ad z 



(13) 



where w z and d z are respectively the width and the thick- 
ness of the filamentary zone. For a more realistic ge- 
ometry like a finite x-z array with 2x8 filaments, the 
expression for xo is very complicate and is given by: 



Xo = Xo(l) 



fx 

T. 



(14) 



where XoiX) = irWf/Atf, is the geometrical factor calcu- 
lated according to Eq. I|13[l. and 
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7T 
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fz = Xo(l) Xo(z - oo) + 



n x + 5/3 - 1 
5/3 



(15) 



Xo(l) -Xo(z-oo)\ 1 



-.0.8 



where n x is the number of filaments in the x direction and 
n z is the number of filaments in z direction. Moreover 

P = Xo(x - oo) Dg d f +D c - w f 



Xo(l) Wf D c - w f 



where 20 



Xo(x - oo) 



TTWftf 



■In 



nwf 
2LL 



(18) 



Ag/Mg(0.4%)/Ni(0.22%) alloy. For both samples, strong 
bridging could be present between filaments in the same 
column. The initial length of the sample A was 61.7 mm, 
whereas the sample B was 61.6 mm long. Preliminar 
transport measurements have shown that sample A has 
a higher critical current than sample B. This indicates 
that the grains alignment or the grains connectivity in 
sample B is worse than in sample A. The main features 
of the samples are summarized in Tab. ^ and in Fig. [21 
the cross section of the sample A is shown. In Tab. |n] 
the different sizes are reported. 



Sample 


A 


B 


matrix 


Ag 


Ag/Mg(0.4%) 


External sheath 


Ag 


Ag/Mg(0.4%)Ni(0.22%) 


fill factor (77) 


32 % 


32% 


width (w) 


3.3 mm 


3.1 mm 


thickness (t) 


0.25 mm 


0.24 mm 


initial length (£) 


61.7 mm 


61.6 mm 


critical current (I c ) 


23.5 A 


17.5 A 


c. c. density (J c ) 


9653 A/cm 2 


7173 A/cm 2 


exponent (n) 


15 


15 



TABLE I: Main features of the samples A and B 
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and D c is the distance between the centers of each col- 
umn, whereas t u is the distance between the centers of 
two neighbor filaments. 



III. EXPERIMENTAL DETAILS 

A. The samples 

The behaviour of two different kinds of bi-columnar 
BSCCO(2223) tapes has been investigated by means of 
the a.c. susceptibility technique. The first BSCCO/Ag 
tape (named sample A) was prepared with 16 filaments 
in pure silver matrix with a stack of 8 filaments for each 
column separated by about 0.3 mm of pure silver. The 
external sheath is also made with the same material. 
The geometry of the second sample (sample B) is very 
similar to that of the sample A, but the number of fila- 
ments is 15 and therefore there are 8 filaments in one 
column and 7 in the other. The metallic sheet be- 
tween filaments is a Ag/Mg(0.4%) alloy and the ma- 
trix which embeds the whole filamentary zone is a 



FIG. 2: Cross section of BSCCO/Ag sample A 



In the samples A and B, the resistivity of the different 
matrices was experimentally measured by a D.C. trans- 
port measurement on samples without superconducting 
material. For pure Ag matrix p m — 0.27 /if2 cm, while 
the resistivity of the Ag/Mg alloy is p m — 1.08 ijlVL cm. 
By using the expression JSJ) and the dimensions reported 
in Tab. OT1 the expected ratio p e ff/p m is 0.25. There- 
fore the expected effective resistivity for the Sample A is 
0.068 p£l cm, while it is 0.27 pfl cm for the sample B. 
Finally, the estimated value for rj e ff is 71%. 



w c (mm) 


t c (mm) 


D c (mm) 


w z (mm) 


t z (mm) 


1.0 


0.21 


1.3 


2.3 


0.21 


w u (mm) 


t u (mm) 


Wf (mm) 


t f (mm) 


t u — tf (mm) 


1.3 


0.027 


1.0 


~ 0.025 


~ 0.002 



TABLE II: Geometrical dimensions of the tapes as defined in 
Fig. EJ 
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B. A.C. loss measurements 

The a.c. losses were measured by using the standard 
a.c. susceptibility technique. An a.c. susceptometer with 
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FIG. 3: Sketch of the experimental set-up employed for a.c. 
measurements 

a system of coils suitable for measurements on sample 
with length up to 12 cm is sketched in Fig. [3J The sus- 
ceptometer comprises a.c. electromagnet which produces 
an a.c. magnetic field with Bq up to 50 mT, with a field 
homogeneity within 1% on a 8 cm length and 2% on 
12 cm. The power to the a.c. magnet is delivered by an 
amplifier controlled by the signal from the internal oscil- 
lator of the lock-in amplifier. The a.c. field induces a 
voltage in two coils: the pick-up coil, which is very close 
to the sample surface, while the second, the null coil, 
which is 1 cm apart. The a.c. magnet and both the coils 
are placed in a reinforced plastic cryostat, so no eddy 
currents are induced in the cryostat walls. The system is 
cooled by liquid nitrogen and all the measurements have 
been performed at 77 K. Since the pick-up coil and the 
null coil are not perfectly identical, a variable compensa- 
tion system is also used. The input signal for the lock-in 
is the result of the difference between the pick-up voltage 
and the sum of the null and the compensation voltages. 
The current which flows in the a.c. magnet is inductively 
measured by the current coil. 

The two original full length samples were subsequently 
cut several times to vary the sample lengths. In each of 
these operations, the tape boundaries were polished and 
protected with grease. Measurements were performed in 
the frequency range from 1 Hz to 1000 Hz in the field 
amplitude ranging from 0.05 mT to 45 mT. 



C. Experimental measurement of \o 

To experimentally evaluate the xo value of the samples, 
the technique described in detail by Fabbricatore et &\H 



was used. By performing the measurement at very low 
magnetic field amplitude (such as to assure the Meissner 
state), the constant xo can be determined by using the 
relation: 



Xo = Gc 



V, 



coil 



u„ 



sample coil 



(20) 



where U m eas is the in input signal of the lock-in amplifier 
when the sample is placed in the pick-up coil, U co u is 
the voltage of null coil only, V sam pie is the volume of 
superconducting fraction, V co u is the volume of the pick- 
up coil and G c is a constant depending on the geometry 
of the coils. 



IV. EXPERIMENTAL RESULTS 
A. Determination of xo 

The value of xo was measured on a samples of 6.4 mm 
length at the frequencies of 7 Hz and 21 Hz. 

In order to check the frequency dependence of XO) 
measurements in the frequency range between 7 Hz and 
710 Hz, reported in Fig.^J were performed on the sam- 
ple A. All these measurements were done at the magnetic 
field amplitude of 1.3 G, enough to achieve a complete 
shielding of the sample. At low frequency this shield- 
ing corresponds to the Meissner state of the separated 
filaments in the tape. As the frequency increases, the 
shielding is achieved first in the whole filamentary zone 
and then, at higher frequency, in the whole tape. 

From the measurements at 7 Hz, the value of xo for 
the sample A is 8.9, while it is 8.8 for the sample B. This 
is not surprising if we consider the very similar geometry 
of the two tapes. 

The comparison between the theoretical and mea- 



strip w z x t z Eq. 11 Ml 9.8 
strip w x t Eq. JT3J| 10.37 
x-z array Eq. 9.0 
Measured value sample A 8.9 
Measured value sample B 8.8 

TABLE III: Theoretical and measured xo- 

sured values of xo reported in Tab. II I II shows that the 
experimental values are close to those theoretically calcu- 
lated for an x-z array. Looking at the Fig. 0] the xo value 
is 9.0 at low frequency, it increases up to 9.9 at 510 Hz, 
and becomes 10.37 at 710 Hz. By comparing these val- 
ues with the theoretical values reported in Tab. IIIII wc 
can observe that the value measured at 510 Hz is closer 
to the one calculated for a infinite strip with rectangular 
cross section, by taking the width and thickness of the 
superconducting zone. Furthermore, the value measured 
at 710 Hz is closer to that calculated for a strip with the 
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FIG. 4: Frequency dependence of xo as measured on the sam- 
ple A at 1.3 G 



whole tape dimensions. Therefore the behaviour of the 
experimental xo, suggest that the whole tape dimensions 
can be considered only at higher frequencies. 

The interpretation is straightforward: as the frequency 
increases, a larger volume of the tape is shielded by the 
current flowing in the metallic matrix, both in the super- 
conducting core and in the central metallic core. There- 
fore, as the frequency increases, the effective geometry 
of the sample changes from an x-z array geometry to a 
monofilamentary strip and therefore, the xo values mea- 
sured changes accordingly. 



B. A.C. susceptibility measurements 

In Fig. [5] and in Fig. H3 the real (x') and the imagi- 
nary (x") part of the a.c. susceptibility as function of Bq 
are shown as measured on the 61.7 mm long sample A 
at different frequencies. In Fig. [5] we can observe that 
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FIG. 5: x' as function of the magnetic field amplitude Bo, 
measured at different frequencies on the 61.7 mm long sample 



a larger part of the tape is screened as the frequency of 
the magnetic field increases. Such frequency dependence 
has not been observed when xo was determined on much 
shorter samples. Now, the coupling currents contribute 
to the overall shielding and thus to \' . Nevertheless, the 
correctness of experimental technique is tested by check- 
ing that the value of x' approaches -1 at low field and 
rises up to at high field. 

In Fig. HJa set of x"(Bq) curves, measured in the fre- 
quency range from 1 Hz up to 70 Hz, is shown. For 
frequencies ranging from 1 Hz to 6 Hz our power sup- 
ply does not allow to reach magnetic fields higher than 
1.5 mT. We can observe that x" strongly depends on the 
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FIG. 6: Measurements of x"(B) in the frequency range from 
1 Hz to 70 Hz on the 61.7 mm long sample A. The curves 
measured in the 1 Hz - 6 Hz range halt in 1.5 mT 

frequency. In the low field region (_B < 1 mT) x" de- 
pends slightly on Bq and if we analyze the its frequency 
behaviour, at fixed Bq, we find that x" reaches its maxi- 
mum value around 4.8 Hz. However this maximum value 
is equal to about 0.15 whereas the Campbell model pre- 
dicts a value of 0.5 (see Eq. ©). For these reason ,the 
7 factor introduced in Eq. JjJJ is equal to 3.3. In the low 
field region, the light dependence on Bq and the large fre- 
quency dependence are in agreement with the expected 
behaviour in presence of coupling losses dominant in com- 
parison with the filaments hysteretic losses. 

In the high field region, the full coupling among fila- 
ments is expected, leading to a behaviour similar to a 
critical state with the typical peak of x" m the ampli- 
tude dependence. In this region, as the frequency rises, 
the maximum value (x'max) increases and shifts at higher 
field amplitudes. Such increasing is due to a larger con- 
tribution of resistive effects with respect to the critical 
state 21 . In order to compare the experimental curves 
with the analytical results for the a.c. susceptibility, 
the data reported in Fig. have been plotted in Fig. [7| 
in terms of normalized units x"/Xmax an d Bq/Bq^ max 
(where BQ^ max is the magnetic field amplitude where x" 
has its maximum value). In the same figure, the dot- 
ted, dashed and continuous lines are the a.c. suscepti- 
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FIG. 7: Measurements of \" (B) in the frequency range from 
7 Hz to 70 Hz on the sample A with length 61.7 mm, plotted 
in normalized units and compared with the analytical results 
for different geometries. 

bility as calculated in the framework of the critical state 
model, respectively for a slab 2 ^ 3 . , a thin stripSi and a 
thin disk 2 ^. In the high field range, in particular above 
Bo^max, the experimental measurements fall on a single 
curve. The used analytical models do not fit very well 
the experimental data. However the scaling of the data 
shows that the sample behaviour, at least in the high 
field range, can be treated in good approximation within 
the critical state model framework. Numerical calcula- 
tions of a.c. susceptibility of a superconducting thick 
strip2Si2Zcould give a better agreement, also taking into 
account the field dependence of the critical current den- 
sity (J(B))2& and thermal activated creep phenomena 21 . 

V. DISCUSSION 

In this section the total losses are determined by us- 
ing the equation (QJ and discussed in the subsection lV Al 
In the subsection IV Bl the losses are analyzed as func- 
tion of the frequency, at fixed magnetic field amplitudes 
much lower than the full penetration field of the compos- 
ite specimen, in order to be in the limit for the validity 
of the Campbell model. Finally in the last section the 
effective resistivities are determined and discussed. 



A. Total losses 

According to equation @, in Fig. [S] the total losses 
densities (Q) measured in the sample A, 61.7 mm long 
are reported as function of Bq, for different frequencies. 
Very similar dependencies were found for the sample B. 
In Fig. |S]we also report the theoretical slopes expected 
for the coupling losses in the low field (dotted line) and 
in the high field (dashed line) regimes. In fact, according 
to Eq. @ for Bq much lower than -Bo, man the coupling 



FIG. 8: Total losses density as function of the applied mag- 
netic field, measured on the sample A of 61.7 mm long. The 
dashed and dotted lines are used to compare the experimen- 
tal data with the expected theoretical slopes for the coupling 
losses respectively in the low and the high field regions. The 
continuous line is the theoretical slope as expected for hys- 
teretic losses at fields lower than the full penetration field. 

losses should have a quadratic dependence on Bq. At 
higher fields, in a critical state description, a cubic de- 
pendence can be expected for Bq < Bo tmax , whereas in 
the high field region B > B , max the dependence is lin- 
ear. Nevertheless for Bq <C Bo^ max , a contribution due 
to the hysteretic losses in the single filaments ( Qh oc Bq) 
should be added to the coupling losses. Therefore in this 
field region Q oc k\ x Bq + k2 x Bq where k\ and k^ 
are two proportionality constants and in a log-log plot 
the slope of the loss density can range from 2 to 3. Our 
experimental data for fields lower than 1 mT, show a 
slope very close to the expected value for a pure coupling 
regime. Deviations from the square slope are observed 
as the length of the samples is reduced. This is in agree- 
ment with the reduction of the coupling loss density as 
the sample length is reduced, whereas the hysteretic loss 
density does not change. 

B. Frequency dependence of the losses at low 
magnetic fields 

Losses have been investigated as function of the fre- 
quency at field much lower than BQ max , by measuring 
several pieces with different lengths, cut from our origi- 
nal samples A and B. As reported in Fig. |5J the losses 
exhibit a maximum that shifts towards higher frequencies 
as the samples length decreases. The experimental data 
are compared with the results derived from the Camp- 
bell model 13 . In particular, the data have been fitted 
by adding to the coupling loss a frequency independent 
contribution (/3) due to the filaments hysteretic loss: 

Qf it {w) = a 2 +P (21) 

1 + UJ Z T Z 
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For each fit we have used three different parameters, 
which were not free. In fact, for (3 we have employed 
the same value in the three different fits, performed for 
the samples with different lengths. These values are re- 
spectively equal to (3—0.2% J/m 3 cycle for the samples 
A and /3=0.215 J/m 3 cycle for the samples B. Since the 
hysteretic losses are proportional to the J c , we compared 
the ratio ( J c b/J c a), with the ratio of the (3 values found 
by the fit. J c , b /Jc.a — 0.743, that is in good agreement 
with the ratio /3 B //3 A = 0.741. 

The parameter a is determined by the maximum value 
of Q which is equal to a/2 + j3. The a values are in the 
range (1.52 4- 1.58) J/m 3 cycle for the sample A and in 
the range (1.13 -j- 1.23) J/m 3 for the sample B. 
The t values, obtained from the fits, are reported in 
Tab. II VI whereas in the inset of Fig. its linear depen- 
dence on the square of the sample length is shown. The 
linear fit is very satisfactory for both samples. As shown 
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discrepancy between the fit and the experimental data 
is even larger. This can be ascribed to some other fre- 
quency effect which becomes important in the frequency 
range (100 - 1000 Hz) for pure Ag matrix sample. Indeed, 



SAmple A 
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Sample A 61 .7 mm 
Sample B 61 .8 mm 
fit 
fit 
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3 4 5678 910 
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FIG. 10: Comparison between the frequency dependencies of 
the losses for the samples A and B, in the frequency region 
around their maximum. Inset: Dependence of the time con- 
stant t on the square of the sample length (see also Tab. \IV\ ) 

As pointed out by TakacsSLi^ii, the introduction of two 
different time constants, tq and t\, in the expression for 
the coupling losses (see formula 1(2} ) is necessary in the 
case of flat composite cables, leading to: 



Qc 



2^o 



2ttXo 



LOTq 



1 + 0J 2 T? 



(22) 



In Eq. 11221) tq is related to the resistivity of the coupling 
currents loops and it is determined by the zero frequency 
limit of Q{v), while t\ is related to the mean inductance 
of these loops, and it is determined by the position of 
the maximum in Q(v). Unfortunately, for most of the 
samples, at low frequencies there are not enough data 
to be linearly fitted in order to determine the value of 
To. Nevertheless, for the 15.5 mm long sample A this 
fitting procedure has been possible, and the value for tq 
has been estimated to be 1.5 ms, which is not so differ- 
ent from 1.7 ms found for t± by using the same data. 
Increasing the length of the sample, the frequency where 
the maximum in Q{v) occurs decreases and therefore a 
smaller difference between r and T\ is expected. 



FIG. 9: Frequency dependence of the losses for the sample A 
and the sample B, cut in pieces with different lengths. The 
lines are the fit obtained with the help of the Eq.(20). 

in Fig. the fits for the samples B are better than those 
for the samples A. The largest deviations are observable 
for the sample A of 15.4 mm length. In fact, for this 
sample, in Fig. [5] we show the measured losses for a field 
amplitude of 0.1 mT, because at 0.5 mT the observed 



C. Effective Resistivity 

By using the experimental values of r and Xd the ef- 
fective resistivity of the metallic matrix has been deter- 
mined. 

For samples with the same length and the same geom- 
etry the relation r A /r B = p b /Pa is valid. If p A < p B 
we should have r A > r B , which means that the fre- 
quency (vmax) where the maximum in the Q c (u) occurs 
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£ (mm) t (ms) xo Pe.fl (M^ cm ) 



sample A 


61.7 


31 


8.9 


0.176 


30.9 


7.8 


8.9 


0.175 


15.5 


1.75 




0.192 


6.5 


0.32 


9.8 


0.172 


sample B 


61.8 


42 


8.8 


0.132 


30.9 


8.9 


8.8 


0.155 


15.6 


1.9 


9.0 


0.182 



TABLE IV: Values of the quantities r, xo and p e // as de- 
termined from the experimental data for all the considered 
samples. 

is lower for the sample with lower resistivity. The di- 
rectly measured matrix resistivity of the sample A is 4 
times smaller than that for the sample B (see section 
IIII A|l . Since the structure of the samples is very similar 
(as confirmed by the experimentally found values of xo)j 
we expect {y max f ^ < v m ax,u)- It is striking to see that 
the experimental data in Fig. I1UI demonstrate the oppo- 
site behaviour. The obtained results are summarized in 
Tab. IIVI For the sample A, the value of the effective 
resistivity is 3 times higher than the value expected from 
Eq. I|ll|) . Moreover the effective resistivity found for the 
sample B is lower than both the p e // of the sample A, 
and its p e // determined by Eq. (|llfl . This can be un- 
derstood if the structure of the sample is considered. In 
Fig. ^] the micrographs of a section of both the samples 
A and B are shown. In the sample B many intergrowths 
in the metallic matrix are visible. Intergrowths between 
columns can generate paths with lower resistivity for the 
flowing of the coupling currents. The presence of inter- 
growths reduces or cancels the advantage coming from 
the use of a matrix with higher resistivity in order to de- 
crease the coupling losses. 




Sample A Sample B 



FIG. 11: Micro-graphs of a cross section of the sample A and 
B. In the sample B the intergrowths are clearly visible. 

On the contrary, the sample A shows a value of p e // 
which is higher than the expected one. This high value 



can be due to a contact resistance between the supercon- 
ducting filaments and the metallic matrix. 

VI. CONCLUSIONS 

In this work we have studied the a.c. coupling losses 
on two different sets of bicolumnar BSCCO tapes. 

For the geometrical factor xoj we used the experimen- 
tal value instead of the demagnetizing factor (t z +w z /t z ) 
used in literatur e) 7 ! 9 ; 10 which should give the found value 
13.5 instead of the value 8.9, for both samples. Our 
experimental value is in agreement with the theoretical 
value computed for an x-z finite array. In this way the 
main physical quantity involved in the coupling losses 
have been experimentally estimated. 
For increasing frequencies the measured xo approaches 
the value calculated for a superconducting strip with the 
width and the thickness equal to the dimensions of the 
filamentary zone of the tape. By further frequency in- 
creasing, xo approaches the value calculated for a super- 
conducting strip with dimensions equal to those of the 
full tapes. 

A.C. susceptibility and losses, measured as function of 
the magnetic field amplitude and frequency, confirm that 
the coupling losses dominate in these samples over the 
hysteretic losses of the single filaments. The frequency 
dependence of the experimentally measured losses at low 
field has been analyzed by using the Campbell model 
and a good agreement between the model and the exper- 
imental data has been obtained. The time constants r of 
the tape has been determined for different lengths of the 
sample, finding, as expected, a linear dependence of r on 
the square of the sample length. The final task has been 
the experimental evaluation of the effective resistivity. In 
the sample A with a pure silver matrix, the high value 
measured for p e // is interpreted as bad electrical con- 
tacts between the filaments and the metallic matrix. In 
the sample B, the experimentally found value p e // lower 
than the expected one in an ideal sample, is explained 
with the presence of intergrowths. This particular result 
suggests that in this kind of samples, the enhancement 
of the effective matrix resistivity does not reduce intrin- 
sically the coupling losses. 

Finally it is worth to point out that for low magnetic 
field amplitudes, the Campbell model can be successfully 
used also for BSCCO tapes containing few flat filaments. 
This can be used as a starting point to analyze all the 
other factors which influence the losses in more complex 
geometries. 
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